Abstract Stress exerts complex effects on the brain and periphery, dependent on the temporal profile and intensity of the stressor. The consequences of a stressful event can also be determined by other characteristics of the stressor, such as whether it is predictable and controllable. While the traditional view has focused primarily on the negative effects of stress on a variety of somatic systems, emerging data support the idea that certain forms of stress can enhance cellular function. Here we review the current literature on the hypothalamic-pituitary-adrenal (HPA) axis regulation by wheel running, a voluntary and controllable stressor with a distinct temporal profile. While running indeed activates a number of systems related to the stress response, other mechanisms exist to reduce the reactivity to this stressor, with possible crosstalk between running and other forms of stress.
Introduction
Stress plays a critical role in human interaction and physiology. This role can be considered through the lens of effects on the individual or based on the intrinsic characteristics of the stressor itself. The intrinsic properties that influence the stress response include predictability and controllability. A stressor is 'controllable' if the animal can generate some behavioral response to initiate or terminate the stimulus; likewise, a stressor is predictable if it occurs at intervals that are regularly spaced over time or associated with a specific environmental cue. The distinct effects of controllable and uncontrollable stressors have been recognized for nearly forty years, since the initial demonstration of learned helplessness by Seligman and Beagley (1975) . However, much of the work on predictability and controllability has focused on a particular stressor, inescapable shock. In this article, we review recent evidence that some of the same dimensions governing the response to involuntary shock will also apply to a voluntary stressor-wheel running.
Rodents, including mice, rats, squirrels, hamsters, and even rabbits, will all voluntarily run in a wheel apparatus (Kennedy et al. 1994; Refinetti 2007; Freeman and Zucker 2000) . The amount of voluntary running varies based on the species (Kennedy et al. 1994) , genotype (Lightfoot et al. 2004) , and gender (Lightfoot et al. 2004 ) of the experimental model, but it is invariable that animals given access to a wheel will run, at least initially. The amount of voluntary running varies based on the age of the animals, with young animals showing the highest levels of wheel running (Valentinuzzi et al. 1997) . Older animals may show an overall decrease in the amount of voluntary running and sometimes will display both a decrease in the amount of running and a shift in the time when running occurs (Valentinuzzi et al. 1997 ; Kopp et al. 2006; Antoniadis et al. 2000) . Rats will also bar press for wheel access, which suggests that they are motivated to engage in this behavior (Iversen 1993) . These indicators are significant because they demonstrate that, unlike uncontrollable stressors such as inescapable shock, running is a rewarding, voluntary form of stress for rodents.
Running, like other stressors, will activate the sympathetic nervous system resulting in epinephrine production, as well as the hypothalamic-pituitary-adrenal (HPA) axis resulting in glucocorticoid production (Makatsori et al. 2003; Naylor et al. 2005; Droste et al. 2003 Droste et al. , 2006 Droste et al. , 2007 Dahlqvist et al. 2003; Persson et al. 2004; Girard and Garland 2002; Lancel et al. 2003; Fediuc et al. 2006 ). This is due to the increased demand for energy in somatic tissues. Because epinephrine will increase cellular production of ATP and glucocorticoids will promote gluconeogenesis in the liver, it is logical that running would recruit systems that evolved to support the 'fight-or-flight' response. But how does the brain differentiate between activation of these systems due to running-a voluntary, controllable stressor-and other, involuntary forms of stress? Here, we review evidence demonstrating that voluntary wheel running activates the neuroendocrine stress axes and clarify issues surrounding the time course and mechanisms of these effects. In addition, we review evidence for and against interactions between exercise and other forms of stress.
Terminology: A Framework for Defining Interactions Between Stressors
Hans Selye (1976) , the father of stress research, outlined a number of terms to define interactions between different stressors. He described changes in the response to the same stressor over time with chronic exposure using the term 'homotypic stress.' This term will be used in the current review with respect to changes in the stress response to running over time. Selye also coined the term 'heterotypic stress' to describe the response of an individual with previous stressor experience to a novel form of stress. An example of heterotypic stress that will be relevant here would be the response of an animal engaging in chronic wheel running to a different stressor, such as restraint. Adopting these terms is key to understanding the complex interactions that exist between different stressors presented repeatedly over time.
Exercise Activates Stress-Related Systems in the Brain
The canonical view of the HPA axis involves its activation by an internal or external stimulus, which is recognized as a threat to homeostasis by higher-order cognitive areas. These threat-recognition regions-including the amygdala, prefrontal cortex, and hippocampus-send excitatory projections to the paraventricular nucleus of the hypothalamus, causing the synthesis and release of corticotrophinreleasing factor (CRF), which acts at the level of the pituitary to induce production of adrenocorticotropic hormone (ACTH). ACTH then signals the adrenal gland to release glucocorticoids (corticosterone in rodents and cortisol in humans), initiating a negative feedback system in which each level induces its own shutoff. It should also be noted that the adrenal glucocorticoids play a role in reducing activation at all levels of the HPA axis, in addition to each factor's negative feedback upon its own synthesis (Fig. 1a) .
In the case of running, the paradigm is shifted slightly. Running poses a threat to homeostasis, without presenting any psychological indicators of threat or fear. In fact, wheel running is an appetitive phenomenon, and rodents will readily learn to bar press for wheel access (Iversen 1993) and will also develop conditioned place preference to environments previously paired with a running wheel (Belke and Wagner 2005) . The ability to differentiate between harmless and harmful threats to homeostasis is a critical factor in determining susceptibility to neuropsychiatric disorders, such as post-traumatic stress disorder and depression. Research in rodent models can help to elucidate possible pathways that allow the brain to make these distinctions.
Species differences exist between rats and mice in the effects of stress on the hypothalamus; specifically, the relationship between CRF receptor expression and ambient CRF levels is different between the two species (Makino et al. 2005) . Research in mouse models supports an attenuated stress response in runners, based on reduced mRNA for CRF in the paraventricular nucleus ( Fig. 1 ; Droste et al. 2003 Droste et al. , 2006 ). This does not hold true for rats, which show no evidence for alterations in CRF mRNA following similar periods of running (Droste et al. 2007 ). However, little is known about the effects of running on CRF receptors in this and other stress-responsive areas of the brain. Since changes in levels of CRF can influence changes in the expression of CRF receptors, determining their expression will provide additional information about whether the decrease in ligand is functionally significant.
In the pituitary, running has been associated with increased levels of proopiomelanocortin (POMC), a precursor for the synthesis of ACTH (Makatsori et al. 2003) . This would suggest an increased HPA axis drive, rather than an attenuated stress response. Across multiple brain regions and tissues, glucocorticoids will down regulate the expression of their own receptors. However, although running increases circulating glucocorticoids, no changes in glucocorticoid receptor (GR) levels in the pituitary have been reported (Fediuc et al. 2006; Droste et al. 2007 ). Taken together with the absence of any change in levels of the Type II GR, which is predominantly involved in HPA axis shutoff, these results indicate an increased activation at the level of the anterior pituitary (Fig. 1) .
The hippocampus is an additional target for central modulation of the HPA axis. Hippocampal CA1 and dentate gyrus neurons express both the mineralocorticoid receptor (MR), which binds corticosterone with high affinity and is tonically occupied, and the GR, which is occupied during stress and at certain phases in the circadian cycle. These receptors are dynamically regulated by both positive and negative stressors. In mice, running reduces the affinity of hippocampal MR for corticosterone, without altering the expression of either receptor population . Rats exhibit subfield-specific increases in GR mRNA, without any change in levels of MR (Droste et al. 2007 ). The regulation of hippocampal GR in rats may be duration dependent, since studies using shorter (4 weeks) durations of running reported downregulation of GR, while studies using longer durations (8 weeks) reported no change (Zheng et al. 2006) .
Typically, neurons in the hippocampus of animals exposed to chronically high levels of circulating glucocorticoids will retract their dendrites and show reductions in the density of dendritic spines (Woolley et al. 1990 ). However, in the brains of runners, dendritic branching in hippocampal neurons has actually been shown to increase, as has the density of dendritic spines (Eadie et al. 2005; Redila and Christie 2006; Stranahan et al. 2007 ). This occurs despite high levels of circulating corticosterone (Stranahan et al. 2006) . These morphological alterations are indicative of enhanced synaptic function, which could play a role in facilitating hippocampal negative feedback on the HPA axis.
Interactions Between Exercise and Social Stress
Most studies examining the effects of wheel running will house animals one per cage to facilitate quantification of individual activity levels. However, in some species and strains, social isolation can activate the HPA axis, making the animals more prone to the deleterious effects of stress (Baldwin et al. 1995; Ruis et al. 1999; Dronjak et al. 2004; Kiyokawa et al. 2004) . Sedentary animals exposed to social isolation during adulthood exhibit elevated basal corticosterone levels and reduced hippocampal GR expression (Dronjak et al. 2004 ). Suppression of corticosterone release with the synthetic glucocorticoid dexamethasone is stronger in socially housed animals, indicative of better HPA axis feedback (Ruis et al. 1999) . Socially isolated animals also show increased activation of the immediate early gene cfos in the PVN (Kiyokawa et al. 2004) . Given these relationships, it is not surprising that CRF acts on the anterior pituitary (shown in yellow) to induce production of adrenocorticotrophic hormone (ACTH). ACTH is released into the bloodstream, where it induces synthesis and release of corticosterone in the adrenal gland. Corticosterone negatively regulates further release of CRF and ACTH; additionally, corticosterone acts on the hippocampus (green) to induce activity among neurons that project to the PVN. Hippocampal projections to the PVN (green arrow) promote HPA axis shutoff. (b), In the hippocampus, wheel running has been shown to reduce mineralocorticoid receptor (MR) binding and expression in mice, and to enhance levels of the glucocorticoid receptor (GR) in rats. At the level of the PVN, running has been shown to decrease CRF mRNA, which would result in reduced activation of the anterior pituitary. In contrast, the anterior pituitary responds to exercise with increases in mRNA for proopiomelanocortin (POMC), which would lead to increased adrenocorticotropic hormone signaling to the adrenal glands. Lastly, the adrenal gland responds to exercise with increases in tyrosine hydroxylase mRNA, and increased levels of corticosterone running might exert differential effects on the HPA axis in socially isolated animals (Fig. 2) .
Running-induced elevations in corticosterone levels are prolonged in socially isolated Sprague-Dawley rats, and socially isolated runners also exhibit larger increases in corticosterone levels following restraint stress (Stranahan et al. 2006 ). This suggests that social isolation can influence the response of runners to both a homotypic (running) and a heterotypic (restraint) stressor. However, several caveats should be considered when generalizing across models: Sprague-Dawley rats will not form dominance hierarchies unless competition for food, water, and mates is present (Kozorovitskiy and Gould 2004) . Given the docile nature of this model, it is not surprising that social isolation stress would obscure the positive effects of running. In contrast, male C57BL/6 mice will form dominance hierarchies readily, even in the absence of competition for food or mates (Roubertoux et al. 2005) . Because of the aggressiveness of this model, it is possible that they would respond differently to social isolation, fostering a distinct time course for the effects of running in individually housed animals.
Social defeat stress is also modulated by physical activity; runners show larger increases in corticosterone following social defeat than sedentary animals (Lancel et al. 2003) . This study also examined the protective effects of running against stress-induced alterations in rapid-eye-movement (REM) sleep patterns. Sedentary mice exposed to social defeat in the resident intruder paradigm typically exhibit reductions in REM sleep (Lancel et al. 2003) , and sleep deprivation has been linked to increases in circulating corticosterone (Mirescu et al. 2006 ). Socialdefeat-induced reductions in REM sleep are mitigated by voluntary running, but this is not mediated by reduced corticosterone, since runners actually show increased reactivity to the stressor (Lancel et al. 2003) . It remains undetermined whether another factor, namely social isolation, might also play a role in promoting the runninginduced enhancement of the glucocorticoid response to social defeat.
Gender Differences in the Stress Response to Exercise
Males and females differ in their responses to stressful stimuli. Specifically, the glucocorticoid response to stress predominates in regulating HPA axis plasticity in males, while the central consequences of stress in females are mediated by reproductive hormones (Shors 1998) . Exercise activates the HPA axis in both male and female animals, but in female mice, the amount of voluntary running (and the HPA axis response to running activity) varies across the estrus cycle (Ogawa et al. 2003) . During proestrus, when levels of estrogen are highest, levels of voluntary running are also at their peak. During other phases of the ovarian cycle, when levels of estrogen are lower, levels of voluntary running are also lower (Wollnik and Turek 1988) .
Basal levels of corticosterone in female animals also exhibit a similar pattern with respect to the stage of estrus. In addition to having elevated basal levels of corticosterone during proestrus, stress-induced elevations in corticosterone are also prolonged during this period (Viau and Meaney 1991) . The central consequences of exercise are also influenced by estrogen in female animals; specifically, the exercise-induced induction of hippocampal brainderived neurotrophic factor (BDNF) was strongest in ovariectomized females administered exogenous estrogen, and weakest in ovariectomized females without estrogen replacement (Berchtold et al. 2001) . Given this relationship, it would not be surprising to note that the time course of HPA axis activation by exercise would be different in males and females, and also within females based on the stage of estrus.
Females also respond differently to other forms of stress, besides running. Acute shock facilitates hippocampusdependent trace eyeblink conditioning in males, but females show estrogen-dependent impairment on the task Fig. 2 Circadian-phase-dependent modulation of corticosterone levels by social isolation in runners. (Left gray region), At the onset of lights-out, we reported greater elevations in corticosterone in runners, irrespective of housing conditions (Stranahan et al. 2006) . (Middle gray region), 4 h after the onset of the dark period, we observed that although all the animals had lower corticosterone levels, the grouphoused animals exhibit a larger reduction than individually housed animals, in both runners and sedentary controls. (Right gray region), No differences in serum corticosterone levels were observed in samples taken 4 h after the onset of the light period. This figure represents graphically the findings (described in Stranahan et al. 2006 ) (Wood and Shors 1998) . Given that baseline differences in stress responsivity (Shors 1998 ) and patterns of running activity (Girard and Garland 2002) exist between males and females, gender most likely plays a critical role in determining the time course, and possibly even the mechanism of central differentiation of voluntary versus involuntary stress. A number of other factors exist, such as the relationship between the size of the living area and the amount of wheel running (Reebs and Maillet 2003) , and the amount of force required to turn the wheel (Collier et al. 1975) . Methodological constraints abound when the stressor in question involves voluntary activity (summarized in Table 1 , for mice; and in Table 2 , for rats), but it is clear that running activates the neuroendocrine stress axis in both male and female animals. It remains to be determined whether sexual dimorphisms exist in the exercise-induced modification of the HPA axis.
Comparing Across Genotypes Reveals a Positive Correlation Between Serum Corticosterone Levels and Voluntary Running
Genetic background plays a pivotal role in modulating stress responsivity in sedentary animals (Jones et al. 1998; Lu et al. 1998; Cabib et al. 1996) . Strain differences also exist in the amount of voluntary running (Lightfoot et al. 2004 ), but it remains to be determined whether strain differences in basal corticosterone levels drive differences in running or vice versa. By comparing across studies, it would appear that there is a positive correlation between basal corticosterone levels and the amount of voluntary wheel running in mice. C57BL/6ByJ mice exhibit lower levels of wheel running, relative to Balb/CyJ mice (Lightfoot et al. 2004) , and also show a smaller increase in corticosterone and ACTH following footshock (Lu et al. All animals were 2-4 months of age at the start of the studies. Durations were rounded to the nearest week 1998). DBA/2 J mice also run more than C57BL/6ByJ mice (Lightfoot et al. 2004) , and exhibit larger increases in corticosterone following restraint stress (Jones et al. 1998 ) and passive avoidance training, which involves shock (Cabib et al. 1996) . The DBA/2 J strain also exhibits higher levels of GR and MR expression in the hippocampus, indicative of greater HPA axis negative feedback, relative to the C57BL/6ByJ (Cabib et al. 1996) . A positive correlation between corticosterone levels and voluntary running activity has also been reported in house mice (Hsd:ICR strain) selected for high levels of voluntary running over multiple generations (Malisch et al. 2007) . A similar relationship between resting corticosterone levels and amount of voluntary running exists for rats. Adrenalectomy decreases wheel-running activity, and corticosterone replacement restores normal activity patterns (Leshner 1971) . Looking across different strains, the Sprague-Dawley rat has lower basal corticosterone levels than the Spontaneously Hypertensive Rat (SHR; McMurtry and Wexler 1981) and also runs less (Ferguson and Cada 2003) . This relationship is specific to running wheel activity, because in the open field, the Sprague-Dawley shows greater activity than the SHR (Ferguson and Cada 2003) . The Wistar-Kyoto rat exhibits larger increases in corticosterone following swim stress than the SpragueDawley rat (Rittenhouse et al. 2002) and also runs more (Ferguson and Cada 2003) . Another commonly used strain, the Long-Evans rat, exhibits high levels of running activity (Bauer 1990 ) and shows larger increases in corticosterone following a chronic mild stress paradigm (Bielajew et al. 2002) . Overall, the literature is fairly consistent in supporting a positive correlation between corticosterone levels and voluntary running activity, but it is uncertain whether this is due to increased metabolic efficiency or central alterations that would increase motivation to run.
Differences in hippocampal BDNF levels across strains may also be an a priori determinant of wheel-running activity. Sedentary black hooded rats (PVG/OlaHsd) exhibit higher levels of hippocampal BDNF and also show greater levels of voluntary running, relative to SpragueDawley rats (Johnson and Mitchell 2003) . In a separate report, the amount of voluntary running was positively correlated with hippocampal BDNF levels in a rodent model of depression and anxiety (Bjornebekk et al. 2005) . In seeming contrast to this relationship, sequestering BDNF through microinjection of TrkB-IgG microbeads into the hippocampus had no effect on the amount of voluntary running ). However, this method would sequester some, but not all hippocampal BDNF, and a dose-response relationship between hippocampal BDNF and running activity has yet to be established. In addition, it has yet to be determined whether genotype-and species-specific differences in HPA axis reactivity arise from, or induce baseline differences in central levels of BDNF.
Interactions Between Exercise and Other Forms of Stress
While running exerts subtle effects on basal levels of GR and MR in the hippocampus, more dramatic effects are observed in studies that combine running with other forms of stress. Chronic elevation of glucocorticoids due to negative stress will decrease levels of central GR, impairing HPA axis shutoff, and increasing the duration of the stress response (De Kloet 2004) . Running protects against the decrease of the hippocampal GR observed in animals subjected to chronic mild stress, a paradigm in which a variety of stressors are applied intermittently (Zheng et al. 2006) . Levels of BDNF, another factor related to the hippocampal plasticity, are maintained in physically active mice following immobilization stress (Adlard and Cotman 2004) . Running also protects against the behavioral and neurochemical consequences of inescapable shock (reviewed by Greenwood and Fleshner, this issue).
Runners exhibit greater elevations in circulating corticosterone levels when subjected to swim stress, relative to sedentary animals (Droste et al. 2007 ). This amplification of the corticosterone response is the opposite of what Droste et al. (2007) observed in the same group of runners subjected to novel environment stress. The idea of stressorspecific adaptation fits into the framework of homo-and heterotypic stress; the runner adapts to running over time (homotypic stress) and at different points during adaptation to the same stressor, the response to a different stressor (heterotypic stress) might be amplified or attenuated. Future experiments will be necessary to determine whether exercise modulates the time course of adaptation to a psychological stressor (restraint or predator odor) differently than that of a physiological stressor (inescapable shock).
Central Mechanisms Underlying HPA Axis Adaptation to Exercise
The dentate gyrus of the hippocampus continues to generate new neurons throughout the lifespan of the organism, and this process is thought to play a role in mood regulation and some forms of learning (Leuner et al. 2006 ). The number of new neurons is increased with voluntary running, but this relationship can be altered with concurrent social isolation stress (Stranahan et al. 2007 ). Socially isolated animals require longer durations of wheel running to enhance adult neurogenesis. When social isolation and cold water swim stress are combined with running, the number of new dentate granule neurons is actually reduced (Fig. 3) . These results suggest that social isolation may play a role in modulating the effects of running on the brain. While it is uncertain whether this would generalize to other species that are prone to fighting when housed in groups, these findings highlight the importance of a multilevel analysis of stressor interactions. Other studies have begun to examine possible relationships between running and diet, with respect to hippocampal oxidative stress. Running protects against the diet-induced activation of oxidative stress pathways, and also restores hippocampusdependent learning (Molteni et al. 2004) . Clearly, the interactions between exercise and different physiological and psychological stressors have only begun to be elucidated, and most studies to date have focused primarily on the hippocampus. Far less is known about possible interactions between running and stress in other brain regions, such as the prefrontal cortex and amygdala (Fig. 4) . The medial prefrontal cortex has emerged as an important locus for the detection of stressor controllability (Amat et al. 2005 ), but it is uncertain whether inactivation of excitatory neurotransmission in the prefrontal cortex would alter the central perception of running as a non-threatening challenge to homeostasis. Activity in the prefrontal cortex has been implicated in the motivation for wheel-running activity (Rhodes et al. 2003) . In this study, wild-type mice and mice that had been selected for high levels of wheel running were permitted to run, and then denied access to the wheel before being sacrificed for regional analysis of Fos immunoreactivity. Wild-type runners showed an increase in the number of Fos-immunoreactive cells, while animals from the selected lines showed a larger increase in Fos labeling when wheels were blocked. This would implicate prefrontal cortical activity in the motivation to run, but the role of this region might not necessarily be to drive running activity. In an earlier study, Nonneman and Corwin (1981) observed increased wheel running following lesions to the prefrontal cortex in rats. Taken together, these data suggest a role for the prefrontal cortex in the inhibition of voluntary wheel running, but the role of the prefrontal cortex in modulating the stress response to exercise remains unexplored.
Inputs from the amygdala to the hypothalamus also play a critical role in HPA axis regulation (Fig. 4) . Activity in amygdalar projections to the hypothalamus will increase HPA axis activity, while the projections from the prefrontal cortex to the hypothalamus will reduce HPA axis activity (reviewed in Herman et al. 2005) . Chronic immobilization stress increases dendritic spine density on neurons in the basolateral amygdala (Mitra et al. 2005) , but it remains Fig. 3 Effects of combined stressors on hippocampal neurogenesis in the Sprague-Dawley rat. (a), Group-housed rats that are maintained in their groups with the addition of a running wheel will show enhancement of neurogenesis, even when concurrently subjected to repeated daily swim stress (Stranahan et al. 2006) . (b), Group-housed animals that remain in group housing without exposure to wheel running, while also being subjected to daily swim stress, show no changes in levels of adult neurogenesis. (c), Animals that were previously group-housed, and then moved into individual housing for 1 week, followed by continual individual housing during the 12 days of exposure to swim stress, show no changes in hippocampal neurogenesis. (d), Rats that were initially group-housed, then moved into individual housing for 1 week, followed by the introduction of a running wheel in conjunction with daily swim stress, exhibit reduced adult neurogenesis. Because changes in adult neurogenesis have been proposed to play a role in depression (van Praag et al. 1999) , these findings are in support of the idea that combinations of positive (physical activity) and negative (social isolation, swim stress) stressors can have disparate effects on the central mechanisms underlying mood regulation uncertain whether running might exert similar or different effects on stress-induced growth of new spines in this region. Running reduces the density of Fos-immunopositive cells in the basolateral amygdala and increases the density of labeled cells in the central nucleus of the amygdala (Burghardt et al. 2006) . In addition to altering basal patterns of activation, the sudden inability to engage in wheel running will activate neurons in the amygdala (Rhodes et al. 2003) . While it is clear that running increases immediate early gene activation in this region, the informative value of running-induced activity in the amygdala has yet to be determined.
Within the classical components of the HPA axis, still less is known about the role of connections between different hypothalamic nuclei and their role in HPA axis adaptation to running and other stressors. Wheel running is frequently employed in studies of the function of clock genes governing periodicity in the suprachiasmatic nucleus (SCN) of the hypothalamus. Projections from the SCN to the PVN mediate circadian fluctuations in HPA axis hormones (Tousson and Meissl 2004) , which in turn play a pivotal role in regulating wheel-running activity (Leshner 1971) . Rhythmic fluctuations in corticosterone are 'flattened' with aging and neuropsychiatric disorders (Magri et al. 2006; Bao et al. 2007 ). However, the role of hypothalamic interconnections in mediating adaptive stress responses is still being elucidated. A multimodal analysis of these interactions will provide an exciting glimpse into possible avenues for the therapeutic treatment of neurodegenerative and psychiatric disorders.
Summary
In humans, regular exercise enhances cognitive function and elevates mood (Kramer and Erickson 2007) . However, theories regarding the cognitive benefits of exercise have yet to be reconciled with the excitation transfer phenomenon, in which physiological activation due to one form of stress can increase the response to a heterotypic stressor. The classical example of excitation transfer is the famous 'Wobbly Bridge Study,' in which subjects rated experimenters as being more physically attractive when testing was conducted under fear-inducing conditions on a wobbly bridge, relative to testing under safe conditions on a more stable bridge. Other studies have examined excitation transfer following exercise in humans and observed that males will be more aggressive when provoked immediately after exercise (Zillmann et al. 1972) . The idea that proximal causes of physiological arousal in humans can be misinterpreted opens the possibility that this phenomenon may occur in other species as well.
In this review, we describe wheel running as a form of voluntary, controllable stress in rodents. This characterization hews closely to Selye's original definition of stress as ''the nonspecific response of the body to any demand, whether it is caused by, or results in, pleasant or unpleasant conditions (Seyle 1976) .'' Although running is comparable to other forms of stress in terms of the magnitude of the initial elevation in corticosterone, it undoubtedly elicits patterns of neural activity that correspond with 'predictable, controllable, rewarding' activity-in contrast to the regional patterns of activation induced by inescapable shock, which would encode 'unpredictable, uncontrollable, aversive' activity. Comparing the patterns of brain activation following different forms of stress may help to understand the perception of danger versus safety, with relevance for treating stress-related psychiatric disorders. Moreover, because humans exist in a far less controlled environment than laboratory animals, understanding how competing patterns elicited by different stressors interact may also prove relevant to human disease. Fig. 4 Integrating voluntary physical activity into the framework of stress circuitry. Voluntary exercise has been demonstrated using a number of functional and structural assays to enhance the capacity for excitatory synaptic transmission in the hippocampus. Output from hippocampal area CA1 ultimately reaches the paraventricular nucleus of the hypothalamus (PVN), via excitatory projections from the subiculum. These projections terminate on inhibitory neurons in the PVN, thereby reducing HPA axis activity at this level. The hippocampus projects to the prefrontal cortex (PFC) via the subiculum, and the PFC sends excitatory projections to the PVN, also terminating on inhibitory neurons to reduce HPA axis output. Increased HPA axis activation likely occurs through increased activity in the central nucleus of the amygdala with voluntary running (AMY; Burghardt et al. 2006 ). This region sends inhibitory projections to inhibitory neurons of the PVN, increasing HPA axis drive. The balance between HPA axis activation and inhibition with voluntary running is likely to be shifted, and the consequences of such a shift could determine the response to other, heterotypic stressors
